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Controlling the flow of light by means of nanophotonic waveguides has the potential of trans-
forming integrated information processing much in the same way that conventional glass fibers have
revolutionized global communication. Owing to the strong transverse confinement of the light, such
waveguides give rise to a coupling between the internal spin of the guided photons and their orbital
angular momentum. Here, we employ this spin-orbit coupling of light to break the mirror symmetry
of the scattering of light by a single gold nanoparticle on the surface of a nanophotonic waveguide.
We thereby realize a chiral waveguide coupler in which the handedness of the incident light deter-
mines the direction of propagation in the waveguide. Using this effect, we control the directionality
of the scattering process and direct up to 94% of the incoupled light into a given direction This
enables novel ways for controlling and manipulating light in optical waveguides and nanophotonic
structures as well as for the design of integrated optical sensors.
The development of integrated electronic circuits laid
the foundations for the information age which fundamen-
tally changed modern society. During the last decades, a
transition from electronic to photonic information trans-
fer has taken place and, nowadays, integrated nanopho-
tonic circuits and waveguides promise to partially replace
their electronic counterparts and even enable radically
new functionalities[1–3]. The strong confinement of light
provided by such waveguides leads to significant inten-
sity gradients on the wavelength scale. In this strongly
non-paraxial regime, spin and orbital angular momen-
tum of the guided light are no longer independent phys-
ical quantities but are coupled[4, 5]. In particular, the
spin depends on the position in the transverse plane and
on the direction of propagation of light in the waveg-
uide – an effect referred to as spin-orbit coupling of light.
Spin-orbit coupling holds great promises for the investi-
gation of a large range of physical systems, comprising
phenomena such as the spin-Hall effect[6–8] and extraor-
dinary momentum states[5], and has been observed in the
case of total internal reflection in a prism[9] as well as in
plasmonic systems[10–13]. Recently, it has been demon-
strated in a cavity-quantum electrodynamics setup that
spin-orbit coupling fundamentally modifies the interac-
tion between a single atom and the resonator field[14].
In the case of vacuum-clad dielectric waveguides,
evanescent fields typically arise in the vicinity of the
surface of the structure and allow one to locally probe
the guided fields and to interface them with micro-
and nanoscopic emitters. Due to spin-orbit coupling,
these evanescent fields exhibit a locally varying elliptic-
ity which stems from a longitudinal polarization com-
ponent that points in the direction of propagation of the
light and that oscillates in quadrature with respect to the
transversal polarization components[15, 16]. Surprisingly
and in contrast to paraxial light fields, the corresponding
photon spin is in general not parallel or antiparallel to
the propagation direction of the guided light. In special
cases that will be discussed in more detail below, it can
even be perpendicular to the propagation direction and
antiparallel to the orbital angular momentum[4, 5].
In our work, we experimentally demonstrate that spin-
orbit coupling in a dielectric nanophotonic waveguide
drastically changes the scattering characteristics of a
nanoscale particle located in the evanescent field. In
free space, point-like scatterers exhibit a dipolar emis-
sion pattern[17, 18], with a point symmetric scattering
rate. This means that for any given optical axis an equal
amount of light is scattered into opposite directions.
Here, we demonstrate that spin-orbit coupling breaks this
symmetry. In particular, when light is scattered by the
particle into the waveguide modes, the amount of light
that is coupled into a given direction of the waveguide can
significantly exceed the power that propagates in the op-
posite direction. Using this effect, we realize a nanopho-
tonic waveguide coupler in which the polarization of the
incident light determines the direction of propagation in
the waveguide and direct up to 94% of the incoupled light
into a given direction. We expect spin-orbit coupling-
enabled devices like the one demonstrated here to have
an important impact on controlling and manipulating op-
tical signals in waveguides and nanophotonic structures
for future applications.
In our experiment, we employ an air-clad silica
nanofiber as an optical waveguide. We position a sin-
gle spherical gold nanoparticle on its surface, illuminate
the particle with a freely propagating, focussed paraxial
laser beam from the side (see Fig. 1a), and characterize
the scattering properties of the particle into the optical
waveguide. The emission rate of the particle into a given
nanofiber eigenmode is proportional to |d · ∗|2 with the
induced electric dipole moment d of the particle and the
profile function  of the electric part of the fiber mode.
For spherical scatterers, the dipole moment is given by
d = α · Eexc, where α is the complex polarizability and
Eexc is the positive frequency envelope of the excitation
field which is related to the real value of the electric field
by Eexc = 1/2(Eexc exp(−iωt) + c.c.). Here, ω/2pi is the
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2FIG. 1. Experimental setup. a A single nanoparticle is
deposited on a silica nanofiber and illuminated with a laser
beam that propagates in the negative x-direction. The polar-
ization of the light can be set with a quarter wave plate. The
fiber can be rotated around the z-axis by the angle φ, which
amounts to changing the azimuthal position of the particle.
Here, φ = 90◦ corresponds to the case where the nanopar-
ticle is on the top of the fiber. The light scattered into the
nanofiber is detected using single photon counting modules at
each output port (left and right) of the fiber. b The presence
of the nanofiber modifies the intensity distribution of the in-
cident light field. The relative intensity distributions for an
incident field polarized along y- and z-axis are shown. c,d
Scanning electron microscope images of the nanofiber and
the single nanoparticle used in our experiments. From the
images, we determine diameters of 2a = (315± 3) nm for the
fiber and 2r = (90± 3) nm for the nanoparticle.
frequency of the light and c.c. the complex conjugate.
The total power of the light scattered into a given fiber
mode is then given by
Iscat ∝ |d · ∗(r, φ)|2 = |αEexc · ∗(r, φ)|2, (1)
where (r, φ) denotes the position of the scatterer in the
nanofiber transverse plane. As a consequence, the emis-
sion rate is directly proportional to the overlap between
the field of the excitation light and the fiber mode at the
particle’s position.
For a single-mode nanofiber, all guided light fields can
be decomposed into the quasi linearly polarized fiber
eigenmodes[15, 16] HE±11,x and HE
±
11,y, where the z-axis
coincides with the nanofiber axis and the ± sign indicates
the propagation direction of the light in the fiber (±z).
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FIG. 2. Spin-orbit coupling in optical nanofibers. a
When the guided light is quasi linearly polarized along the y-
axis, longitudinal polarization components occur. For light
traveling in +z-direction, this leads to nearly circular σ−
(σ+) polarization on the top (bottom) of the fiber, see cir-
cular green arrows. For light propagating in −z direction,
σ− and σ+ are interchanged. As a consequence, the spin
angular momentum of the light (yellow arrows) is oriented
perpendicular to the propagation direction and anti-parallel
to the orbital angular momentum (red arrows). b Overlap
between the HE+11,y mode (HE
−
11,y mode) and σ
− (σ+) polar-
ization. c Overlap between the HE+11,y mode (HE
−
11,y mode)
and σ+ (σ−) polarization. d Overlap between the HE±11,y
modes and pi polarization. e-g Same as b-d but for the fiber
modes HE±11,x. The values are calculated for our experimental
parameters (nanofiber diameter: 2a = 315 nm, optical wave-
length: λ = 532 nm) and the fiber mode profile functions are
normalized such that |±HE,i(x = y = 0)|2 = 1.
We choose HE±11,x and HE
±
11,y such that their main polar-
ization component points along the x-direction (φ = 0◦)
and the y-direction (φ = 90◦), respectively. Figure 2
shows the overlap of the profile functions ±HE,x and 
±
HE,y
of the electric part of the fiber modes (see methods) with
circular σ± = (iez ± ey)/
√
2 and linear pi = ex polariza-
tion as a function of the position in the fiber transverse
plane for the parameters used in our experiment, where
we have chosen x as the quantization axis. Here, ex,y,z
are the unit vectors along the corresponding axes. From
Fig. 2 it is apparent that the local polarization depends
both on the position in the fiber transverse plane and on
the direction of propagation of the mode. This is a clear
signature of spin-orbit coupling of the nanofiber guided
light. We now consider the situation where the particle
is located at the top (φ = 90◦) of the nanofiber. At this
position, the overlap between the HE+11,y mode (HE
−
11,y
mode) and σ− polarization is maximal (minimal) and
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FIG. 3. Chiral waveguide coupling, experiment and theory. a (b) Measured photon flux of the light scattered into
the left (right) direction as a function of the azimuthal position of the nanoparticle φ and the polarization of the excitation
light field set by the rotation angle θ of the quarter wave plate. The ticks on the right side of the panels mark the azimuthal
positions for which data has been acquired with a stepsize of θ of 5◦. The data is interpolated in between the measured points.
The dashed lines indicate the datasets plotted in Fig. 4. c,d (e,f) Theoretical prediction for the photon fluxes when neglecting
(including) the effect of the nanofiber on the incident light field using two free parameters that are obtained from a fit of e and
f to the data in a and b (see methods).
reaches 93% (7%). This means that the light is nearly
perfectly circularly polarized. Since the emission proba-
bility of the particle into the fiber is directly proportional
to this overlap, this results in a strong asymmetry of the
scattering into the left (+z) and right (−z) direction of
the fiber which can be tuned by the polarization of the
incident light field and the position of the nanoparticle in
the fiber transverse plane. In particular, the asymmetry
reverses when switching the polarization of the excitation
light from σ− to σ+ or when changing the position of the
particle from (x, y) to (x,−y).
In order to experimentally investigate this directional
scattering, we prepare a tapered optical fiber (TOF) with
a nanofiber waist[19] (diameter: 2a = (315±3) nm). The
TOF enables almost lossless coupling of light fields that
are guided in a standard optical fiber into and out of
the nanofiber section. We position a single spherical
gold nanoparticle (diameter: 2r = (90 ± 3) nm) on the
nanofiber surface which, to a good approximation, acts
as a polarization maintaining scatterer[20, 21]. This is ac-
complished by approaching the fiber with a droplet con-
taining a watery suspension of gold nanoparticles which
touches the fiber over a length of approximately 100µm.
By monitoring the transmission through the fiber, we de-
tect the successful deposition of a single gold nanoparti-
cle via a decrease in fiber transmission of around 9% at a
wavelength of 532 nm (see methods). The position of the
particle along the fiber is determined by sending light
through the nanofiber and by recording the light scat-
tered by the nanoparticle with a microscope. We illumi-
nate the particle with a laser beam that propagates in the
negative x-direction (see Fig. 1a). It has a wavelength of
532 nm, close to the measured resonance of the nanopar-
ticle with a full width at half maximum of about 50 nm
around the central wavelength of 530 nm. The nanofiber
is fixed on a mount which can be rotated around the z-
axis. Due to the cylindrical symmetry of the fiber, this
rotation amounts to changing the azimuthal position φ
of the nanoparticle around the fiber (see Fig. 1a). The
polarization of the incident light field is set by means of a
quarter wave plate. The angle θ between its optical axis
and the y-axis can be adjusted at will. Before passing
through the wave plate, the polarization of the light is
aligned along z. Thus, we can set the polarization to lin-
ear along z (θ = 0◦, 90◦) and circular, i.e., σ− (θ = 45◦)
or σ+ (θ = 135◦). For intermediate angles the polariza-
tion is elliptical with the major axis along z. The excita-
tion laser beam has a waist radius of around w = 150µm
at the position of the nanoparticle, thereby assuring a
fairly homogenous spatial intensity distribution with neg-
ligible longitudinal polarization components. In order to
detect the light that is scattered into the nanofiber, we
4use a single photon counting module (SPCM) at each
output port of the TOF. After completion of all mea-
surements, we check that only a single nanoparticle was
present, by analyzing the fiber surface with a scanning
electron microscope (see Fig. 1c and d). This also al-
lows us to measure the diameter of the fiber and of the
nanoparticle.
Figure 3 shows the measured photon flux at the left
(a) and right (b) fiber output as a function of the az-
imutahl position of the nanoparticle and of the polar-
ization state of the excitation light field (fixed by the
wave plate angle θ). Panels c and d show the theoretical
predictions calculated according to equation (1) under
the assumption that the polarization and intensity dis-
tribution of the incident light field are not modified by
the presence of the optical fiber (see methods). We find
qualitative agreement between our measurement results
and the theoretical predictions. In particular, we observe
the expected maximum of the left–right asymmetry for
the case of circular input polarization with the particle
located at the top or at the bottom of the fiber. However,
scattering and refraction of the excitation light field by
the nanofiber leads to a significant modification of the po-
larization and intensity of the field close to the nanofiber
surface, see Fig. 1b[22]. When including these effects, we
obtain the theoretical predictions shown in panels e and
f, where we used two fit parameters: the angular offset of
the nanoparticle from the expected deposition position of
φ = 90◦ and the amplitude of the photon flux detected
by the SPCMs (see methods). This model agrees well
with the measured data, the main differences to the sim-
ple model being an increase of the scattering rate around
φ = 180◦ due the focusing of the incident light field by
the fiber and the emergence of a shadow region around
φ = 120◦ and φ = 240◦ with a concomitant decrease in
the scattering rate.
For closer comparison, Fig. 4a-d shows the polariza-
tion dependence of the measured photon flux in the fiber
for selected azimuthal positions of the nanoparticle to-
gether with the theoretical prediction. For the cases of
the nanoparticle positioned near the top and the bottom
of the nanofiber, we also plot the directionality
D = c+ − c−
c+ + c−
(2)
of the scattering process together with the theoretical
prediction, see panels e and f. Here, c+ and c− are
the photon fluxes detected on the left and right detec-
tor, respectively. We observe a maximum directionality
of D = 0.88 (D = 0.95) for a particle near the top (bot-
tom) of the fiber which corresponds to a ratio of 16:1
(40:1) between the photon flux scattered to the left and
right (right and left). When the particle is located at a
position near the side of the fiber, the overlap of the fiber
eigenmodes with any polarization of the excitation light
is independent of the propagation direction and zero di-
a
c d
b
f
left
right
e
FIG. 4. Directionality of the scattering process. a-d
Measured photon fluxes at the left (blue circles) and right
(red squares) fiber output port as a function of the rotation
angle θ of the quarter wave plate. Here, θ = 0◦, 90◦, ... cor-
responds to linear polarization along the fiber axis (dashed
orange lines) and θ = 45◦, 225◦ (θ = 135◦, 315◦) corresponds
to σ− (σ+) polarization of the incident light field (dash-dotted
green lines). a-d correspond to four different azimuthal po-
sitions (φ = 358◦, 178◦, 84◦ and 264◦) of the nanoparticle
(green dot) around the fiber (gray disk), as indicated in the
insets. The solid lines are the predictions of our theoretical
model. The statistical error bars are too small to be visible
in the plot. Figure c also shows exemplarily the measured
photon fluxes to the left (yellow diamonds) and right (green
triangles) for the nanofiber without the nanoparticle, which
are close to zero. e,f Directionality D of the scattering process
into the fiber for the data in c and d.
rectionality is expected. In the experiment, we indeed
observe only a small variation with the incident polar-
ization, see Fig. 4a and b. The residual modulation is
most probably due to the small angular deviation of the
nanoparticle position from the ideal point.
In summary, using a gold nanoparticle on a nanofiber
we realized a chiral waveguide coupler, which enables a
high-contrast channeling of light into a given direction
of the waveguide. The underlying physical mechanism
enabling this device is spin-orbit coupling of light which
universally occurs in light fields that are strongly con-
fined in the transversal direction. Our method is thus
highly versatile and may find application in various sce-
narios of nanophotonic systems. There is no fundamental
limit to the directionality of the mechanism. As an ex-
ample, the quasi linearly polarized guided modes of our
silica nanofiber locally exhibit perfect circular polariza-
tion inside the waveguide. Ideally, the scattering of a
5particle that is placed at such a position and that is ex-
cited with circularly polarized light will thus be perfectly
suppressed for one direction of the waveguide and will
only couple into the other. Apart from its usefulness for
optical signal processing and routing, our scheme enables
novel nanophotonic sensing applications, that allow one
to detect, e.g., scatterers with an intrinsic polarization
asymmetry, such as chiral molecules.
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6METHODS
Polarization of nanofiber modes
Nanofiber waveguides have a cut-off frequency below which only
the fundamental HE11 mode can propagate. The single-mode con-
dition is given by V = k0a
√
n21 − n22 < 2.405, where k0 is the wave
vector of the light in vacuum, a is the nanofiber radius and n1
and n2 are the refractive indices of the medium of the fiber and
the surrounding medium, respectively. Below the cut-off, any fiber
guided field can be expressed as a superposition of the two quasi
linearly polarized fiber modes HE±11,x and HE
±
11,y where the profile
functions  of the electric part are given by[16, 23]
x = A
β
2h
((1− s)J0(hr) cos(ϕ0)− (1 + s)J2(hr) cos(2φ− ϕ0)) e±iβz (3)
y = A
β
2h
((1− s)J0(hr) sin(ϕ0)− (1 + s)J2(hr) sin(2φ− ϕ0)) e±iβz (4)
z = ±iAJ1(hr) cos(φ− ϕ0)e±iβz (5)
for the field inside the fiber (r < a) and
x = A
β
2h
J1(ha)
K1(qa)
((1− s)K0(qr) cos(ϕ0) + (1 + s)K2(qr) cos(2φ− ϕ0)) e±iβz (6)
y = A
β
2h
J1(ha)
K1(qa)
((1− s)K0(qr) sin(ϕ0) + (1 + s)K2(qr) sin(2φ− ϕ0)) e±iβz (7)
z = ±iA J1(ha)
K1(qa)
K1(qr) cos(φ− ϕ0)e±iβz , (8)
for the field outside the fiber (r > a), where the fiber is aligned
along the z-direction. The propagation constant β (β > 0) is de-
termined by the fiber eigenvalue equation[15] and s is defined as s =
(1/(h2a2) + 1/(q2a2))/[J ′1(ha)/(haJ1(ha)) +K
′
1(qa)/(qaK1(qa))].
The parameters h = (n21k
2
0 − β2)1/2 and q = (β2 − n22k20)1/2 char-
acterize the fields in- and outside of the fiber, respectively. Ji and
J ′i (Ki and K
′
i) are the Bessel functions of the first kind (modified
Bessel functions of the second kind) of order i and their respective
derivative and A is a normalization constant. The ± sign indi-
cates the propagation direction and ϕ0 defines the orientation of
the principal polarization axis, where ϕ0 = 0◦ (ϕ0 = 90◦) corre-
sponds to the fiber mode HE±11,x (HE
±
11,y), quasi linearly polarized
along the x- (y-) direction.
Longitudinal polarization components
In contrast to the standard description of light as a purely trans-
verse wave, longitudinal field components are often significant in
cases where the electric field changes significantly on a length scale
comparable to λ/(2pi)[5]. In particular, this situation occurs in the
case of total internal reflection in the evanescent field. For the case
of the quasi linearly polarized nanofiber mode HE±11,y (see eq. 3-
8), we find a ratio between the longitudinal and transversal field
component of
|z |
|y |
=
2q
β
|sin(φ)|K1(qr)
(1− s)K0(qr) + (1 + s)K2(qr) cos(2φ)
(9)
on the surface of the fiber, where the maximum ratio is obtained
for φ = 90◦ and φ = 270◦. For small radii fibers this ratio in-
creases with the radius and for large radii (a  λ) it approaches√
1− (n2/n1)2 for φ = 90◦ and φ = 270◦. This expression can
also be directly derived for the evanescent field of a plane wave
that undergoes total internal reflection at a planar dielectric inter-
face at grazing incidence[24, 25]. For our experiment we calculate
according to eq. (9) a maximum ratio of 0.557 which results in an
overlap with circular polarization of 93%.
Preparation and detection of single nanoparticles on
the fiber
We deposit single gold nanoparticles with a diameter of around
90 nm on the nanofiber (central resonance wavelength: λ ' 530 nm,
resonant scattering cross section σ0 ' 6 × 10−3 µm2 ). For this
purpose, we start with gold nanoparticles dispersed in deionized
water (BBI Solutions) and approach the nanofiber with a droplet
of this dispersion using a pipette mounted on a three-axis trans-
lation stage. We monitor the droplet approaching the nanofiber
with the help of an optical microscope with a long working dis-
tance objective (magnification: 20x) and simultaneously send white
light through the fiber to record a real-time absorbance spectra
A(λ) = − log10(Iparticle(λ)/Iref(λ)) with a spectrometer. Here Iref
and Iparticle are the white light intensity spectra measured before
and after the nanoparticle was deposited on the fiber, respectively.
After a successful deposition of a single nanoparticle, a character-
istic peak in the absorbance spectrum of about Amax ' 0.035 is
observed in the spectrum for our fiber diameter of 315 nm. The
height of this peak is proportional to the number of nanoparticles
and, together with the shape of the absorbance spectrum, allows us
to determine the number of particles deposited on the fiber. The
method yields a positioning accuracy of around 100 µm in longitu-
dinal direction which is limited by the minimum length over which
the droplet touches the fiber. In azimuthal direction, we experi-
mentally obtain an angular uncertainty of ∆Φ ≈ 20◦. The longi-
tudinal position of the nanoparticle is determined more precisely
by sending resonant light through the nanofiber and monitoring
the waist region on our camera. In addition, this imaging yields
a second estimate of the particle number, and by combining both
methods (absorbance and imaging) we can deposit and identify a
single nanoparticle on the nanofiber with a success probability close
to one.
In order to measure the nanofiber and nanoparticle diameters
as well as to ensure that it is indeed a single particle, we mea-
sure the nanofiber waist region with a scanning electron microscope
(SEM) after all measurements have been carried out. For this pur-
pose, we deposit the nanofiber on a 2-inch diameter Al-substrate
without rotating the fiber with respect to its initial orientation
when the nanoparticle was deposited such that we can measure the
7azimuthal position of the nanoparticle on the fiber. In order to
find the nanoparticle with the SEM on the nanofiber waist (typical
length: l = 1 cm), we deposit – after the measurements – groups
of additional particles on the fiber at positions ±1, 2, 3 mm away
from the initial nanoparticle, which serve as markers for finding the
correct fiber region. From the measurements, we obtain a diameter
of (315± 3) nm and (90± 3) nm for the nanofiber and nanoparticle
used in the experiment, respectively. The error bars correspond to
the resolution of the SEM.
Modeling the measured data
The photon fluxes in Fig. 3a,b and Fig. 4a-d show the raw data,
only corrected for the nonlinearity of the SPCMs. In order to model
the measurement results, we calculate the left/right scattering rates
for our experimental parameters taking into account the modifica-
tion of the excitation light field due to the nanofiber[22]. According
to eq. (1), the photon fluxes are given by
c± = κf
{∣∣∣Eexc · [±HE,x(r, φ− φ0)]∗∣∣∣2 + ∣∣∣Eexc · [±HE,y(r, φ− φ0)]∗∣∣∣2}+ c0. (10)
Here, Eexc is the excitation light field at the nanoparticle posi-
tion, that is normalized to one before its modification due to the
nanofiber and ±HE(r, φ−φ0) are the profile functions of the funda-
mental fiber modes normalized to one on the fiber axis. The param-
eter c0 = 22.5× 103 s−1 accounts for the parasitic coupling of the
excitation light into the fiber without nanoparticle (see Fig. 3c),
φ0 is the angular offset of the nanoparticle on the fiber from its
expected deposition position at φ = 90◦ and κf is the photon flux
amplitude. From a fit of κf and φ0 to the data in Fig. 3 we obtain
φ0 = 6.3◦ ± 0.1◦ and κf = (21.9 ± 0.1) × 106 s−1. Fig. 3 shows
the results of the fit as well as the theoretical predictions of the
simplified model which does not take into account the modification
of the light field due to the optical fiber.
From the fitted model function we calculate a polarization av-
eraged cross-section for scattering light into the fiber of σf =
(5.8± 2.1)× 10−4 µm2 using our experimental parameters (beam
waist at nanoparticle: w ' 150 µm, power: P ' 265 µW, absolute
photon detection efficiency including losses: η ' 0.46). Here, the
main error contributions originate from uncertainties in the posi-
tioning of the beam on the particle and from the estimation of the
optical losses in the nanofiber setup. In order to compare this value
to the theoretical prediction, we start with the resonant free-space
scattering cross section σ0 ' 6× 10−3 µm2 and calculate the frac-
tion scattered into the optical fiber[26] for our nanofiber diameter
of 315 nm and an excitation wavelength of 532 nm. We obtain
a polarization averaged cross-section for scattering light into the
fiber of σ˜f = (7.3± 1.4)× 10−4 µm2, in good agreement with the
measured value. Here, the error is dominated by the uncertainty
of the diameter of the nanoparticle.
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